Obesity paradox (OP) describes a widely observed clinical finding of improved cardiovascular fitness and survival in some overweight or obese patients. The molecular mechanisms underlying OP remain enigmatic partly due to a lack of animal models mirroring OP in patients. Using apolipoprotein E knock-out (apoE ؊/؊ ) mice on a high fat (HF) diet as an atherosclerotic obesity model, we demonstrated 1) microRNA-155 (miRNA-155, miR-155) is significantly up-regulated in the aortas of apoE ؊/؊ mice, and miR-155 deficiency in apoE ؊/؊ mice inhibits atherosclerosis; 2) apoE ؊/؊ /miR-155 ؊/؊ (double knockout (DKO)) mice show HF diet-induced obesity, adipocyte hypertrophy, and present with non-alcoholic fatty liver disease; 3) DKO mice demonstrate HF diet-induced elevations of plasma leptin, resistin, fed-state and fasting insulin and increased expression of adipogenic transcription factors but lack glucose intolerance and insulin resistance. Our results are the first to present an OP model using DKO mice with features of decreased atherosclerosis, increased obesity, and non-alcoholic fatty liver disease. Our findings suggest the mechanistic role of reduced miR-155 expression in OP and present a new OP working model based on a single miRNA deficiency in diet-induced obese atherogenic mice. Furthermore, our results serve as a breakthrough in understanding the potential mechanism underlying OP and provide a new biomarker and novel therapeutic target for OP-related metabolic diseases.
Obesity paradox (OP) describes a widely observed clinical finding of improved cardiovascular fitness and survival in some overweight or obese patients. The molecular mechanisms underlying OP remain enigmatic partly due to a lack of animal models mirroring OP in patients. Using apolipoprotein E knock-out (apoE ؊/؊ ) mice on a high fat (HF) diet as an atherosclerotic obesity model, we demonstrated 1) microRNA-155 (miRNA-155, miR-155) is significantly up-regulated in the aortas of apoE ؊/؊ mice, and miR-155 deficiency in apoE ؊/؊ mice inhibits atherosclerosis; 2) apoE ؊/؊ /miR-155 ؊/؊ (double knockout (DKO)) mice show HF diet-induced obesity, adipocyte hypertrophy, and present with non-alcoholic fatty liver disease; 3) DKO mice demonstrate HF diet-induced elevations of plasma leptin, resistin, fed-state and fasting insulin and increased expression of adipogenic transcription factors but lack glucose intolerance and insulin resistance. Our results are the first to present an OP model using DKO mice with features of decreased atherosclerosis, increased obesity, and non-alcoholic fatty liver disease. Our findings suggest the mechanistic role of reduced miR-155 expression in OP and present a new OP working model based on a single miRNA deficiency in diet-induced obese atherogenic mice. Furthermore, our results serve as a breakthrough in understanding the potential mechanism underlying OP and provide a new biomarker and novel therapeutic target for OP-related metabolic diseases.
Metabolic syndrome (MetS) 4 is a recently coined clinical term that refers to the presence of at least three of the following five conditions: central obesity, elevated triglycerides, diminished high density lipoprotein cholesterol, hypertension, and insulin resistance. Individuals diagnosed with MetS have a 2-fold increased risk of suffering from stroke, myocardial infarction, atherosclerosis, or succumbing to cardiovascular disease (CVD)-associated mortality and are 5 times more likely to develop type II diabetes (1) . In addition, non-alcoholic fatty liver disease (NAFLD) is a clinical condition hallmarked by the abnormal accumulation of triglycerides within the liver and is considered a hepatic manifestation of MetS (2) . In contrast to the low mortality risk found in the normal body mass index (BMI) range of 20 -24.9 kg/m, BMI values in the overweight and obese categories usually have adverse effects on cardiac structure and function, with a prevalence of CVD markedly increasing with the degree of obesity (3) . As an exception to this widely accepted concept, recent clinical data has shown that in some patients with chronic diseases, including chronic heart failure or coronary artery disease, the best survival outcome is observed in overweight or obese patients. This phenomenon is termed "obesity paradox" (4 -7) . However, the molecular and regulatory mechanisms underlying the obesity paradox remain unknown, which results partially from the fact that animal models mirroring obesity paradox, have not been established.
Chronic inflammation is a common mechanism of both obesity (8) and atherosclerosis (9) , the latter of which can give rise to complications, such as myocardial infarction, stroke, and peripheral artery disease, which are the leading cause of morbidity and mortality in the United States (10) . We and others previously reported that hyperlipidemia and other risk factors promote vascular inflammation in various aspects, such as endothelial cell (EC) activation and injury (11, 12) , increasing monocyte recruitment and differentiation (13) (14) (15) , and decreasing regulatory T cell inflammation suppression (16, 17) . However, the interplay between obesity and atherosclerosis in the pathology of obesity paradox remains unknown.
As we recently reviewed, the discovery of non-coding RNAs, including microRNAs (miRs), has revolutionized the way that we examine the genome, RNA products, and the regulation of transcription and translation (18, 19) . By facilitating mRNA degradation and translation repression, miRs regulate inflammatory responses (20) , EC activation (21) , atherosclerosis (22) , obesity (23) , and NAFLD (24) , etc. Due to the well characterized proinflammatory nature of miR-155, its role in chronic vascular inflammatory diseases has been critically investigated. However, the reported roles of miR-155 in vascular pathology have been controversial. miR-155 promotes EC dysfunction by targeting the 3Ј-untranslated region of endothelial nitric-oxide synthase. In fact, inhibition of miR-155 increases endothelial nitric-oxide synthase expression and improves EC function (25) . However, other reports found that miR-155 reduces the expression of vascular cell adhesion molecule-1 (VCAM-1), leukocyte-EC interaction, and EC migration (26) via inhibition of proinflammatory extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) in ECs (27) and up-regulation of antiinflammatory heme oxygenase-1 (28) . Along the same line, the role of miR-155 in atherosclerosis also remains controversial. miR-155 expression can be induced by tumor necrosis factor-␣ (TNF-␣) (29) in atherogenic apolipoprotein E-deficient (apoE Ϫ/Ϫ ) mouse aorta and in plasma samples from patients with coronary artery disease. In addition, it has been shown that hematopoietic deficiency of miR-155 leads to more advanced atherosclerotic lesions in low density lipoprotein receptor knock-out (LDLR Ϫ/Ϫ ) mice (25) , whereas intravenous delivery of miR-155 "agomiRs" to overexpress miR-155 reduces atherosclerotic lesion in apoE Ϫ/Ϫ mice (30) . In contrast to these findings, however, it has been reported that miR-155 promotes type 1 CD4ϩ T helper cell (Th1) differentiation (31, 32) and that leukocyte-specific miR-155 deficiency reduces plaque size in apoE Ϫ/Ϫ mice via directly targeting an NF-B negative regulator, Bcl-6 (33) . Thus, the controversial roles of miR-155 in EC activation and atherogenesis need to be further elucidated.
In addition, miR-155 appears to play an important role in adipose tissue. It is enriched in mouse brown adipose tissue, and miR-155-deficient mice exhibit increased brown adipose tissue function and browning of white fat tissue (34) . miR-155 is also expressed in human omental and subcutaneous adipose tissue where miR-155 expression is negatively correlated with adipocyte volume (35) . However, an important question remains of whether miR-155 regulates the fat deposition differentially in aorta, liver, and white adipose tissue (WAT).
In this study, we examined the role of miR-155 in atherosclerosis and obesity using our newly generated apoE Ϫ/Ϫ /miR-155 Ϫ/Ϫ double knock-out (DKO) mice. By using polymerase chain reaction (PCR) array, histological, flow cytometry, nuclear magnetic resonance (NMR), and metabolic analyses, we found that miR-155 promotes aortic EC activation and atherosclerosis and consequently that apoE Ϫ/Ϫ /miR-155 Ϫ/Ϫ DKO mice have less atherosclerotic plaques. Paradoxically, we showed that miR-155 inhibits WAT adipogenesis and NAFLD and, consequently, that DKO mice have significantly increased body weight and augmented WAT and NAFLD. These results suggest that miR-155 promotes aortic EC activation and atherogenesis but inhibits WAT development and the pathogenesis of NAFLD, which make miR-155 deficiency in apoE Ϫ/Ϫ background a novel model for studying the pathogenesis of obesity paradox. The establishment of this novel mouse model for the investigation of obesity paradox would have significant impact on the determination of the molecular mechanisms underlying obesity paradox and the identification of novel therapeutics for related diseases.
Results
MiR-155 Is Significantly Up-regulated in the Aortas of ApoE Ϫ/Ϫ Mice during Early Atherosclerosis-To determine the roles of miRNAs in atherosclerosis development as well as measure their relevancies against other miRNAs, we utilized a PCR array to screen 84 of the most abundant and well characterized miRNAs in miRBase. We compared the aortic miRNA expression profiles of apoE Ϫ/Ϫ mice fed normal chow diet versus apoE Ϫ/Ϫ mice fed a high fat diet for 12 weeks. Analysis of the array data revealed several miRNAs that were differentially regulated ( Fig. 1A ). We found that 16 miRNAs were up-regulated by at least 4-fold (miR-880, miR-295, miR-155, miR-21a, miR-302d, miR-291a, and miR-744) or down-regulated by at least 4-fold (miR-99a, miR-199a, miR-335, miR-142-3p, miR-142-5p, miR-19b, miR-101a, miR-19a, and miR-22) (Fig. 1B) . The atherosclerosis-induced down-regulations of miR-19b and miR-22 were predicted in our bioinformatics analysis (18) . Of note, atherosclerosis-induced up-regulations of five miRs, including miR-880, miR-295, miR-302d, miR-291a, and miR-744, in mouse aorta have not been reported (36, 37) . In addition, atherosclerosis-induced down-regulations of eight miRs have not been reported in the atherosclerotic aorta, the exception being miR-19a (38, 39) . miR-155 was one of 3 miRNAs with a 10-fold or greater change in expression, and its well characterized proinflammatory role suggested that it might be involved in the development of atherosclerosis. Of note, the unavailability of miR-880-and miR-295-deficient mice prevented us from performing further atherosclerotic studies on those miRs right away. Next, we confirmed our miR-155 screening results with qRT-PCR (Fig. 1C ). The statistical significance for miR-155 upregulation was observed after only 3 weeks of a high fat diet (HF) diet. Moreover, the -fold change and significance continued to increase with duration of feeding ( Fig. 1C ). Our data on the increased plasma levels of cholesterol and triglycerides in apoE Ϫ/Ϫ mice fed with a high fat diet for 0 weeks, 3 weeks, 6 weeks, and 12 weeks ( Fig. 1 , D and E) suggest that up-regulation of miR-155 in aortas is correlated well with elevated levels of plasma cholesterol and triglycerides. This dramatic shift in miR-155 expression during atherosclerosis indicated that it might play a critical role in atherosclerosis and that it could be one of the most pertinent contributing miRNAs. In addition, because lipopolysaccharide (LPS) has been found to contribute to atherosclerosis (38) , we also examined the expression of miR-155 and other miRs in LPS-stimulated wild-type mouse aortas using PCR array. The results showed that LPS significantly up-regulated miR-155 and miR-22 in wild-type (WT) mouse aortas (Fig. 1, F and G) . Quantitative PCR confirmed that LPS induced miR-155 up-regulation by Ͼ10-fold in WT mouse aortas ( Fig. 1H ). Collectively, these findings demonstrate that aortic miR-155 expression is up-regulated during atherogenesis, indicating a pertinent role for miR-155 in atherosclerosis.
MiR-155 Promotes Atherosclerosis and Endothelial Cell Activation in ApoE Ϫ/Ϫ Mice-Thus far, there have been contradicting reports on the contributions of miR-155 in atherosclerosis development. A previous paper published by Nazari-Jahantigh FIGURE 1. Aortic miR-155 expression was augmented with atherosclerosis development and during LPS-induced acute inflammation. The aortas of apoE Ϫ/Ϫ mice on NC or HF diets for 12 weeks (12W) were excised, and RNA was isolated. A, Scatter plot analysis of the log 10 of normalized gene expression levels of the 84 most abundant miRNAs in miRBase in high fat-fed mouse aortas (y axis) versus normal chow fed mouse aortas (x axis). The colored symbols outside the 4-fold threshold line area indicate -fold differences larger than 4-fold. Red triangles denote miRNAs having a Ͼ4-fold increase. Blue squares denote miRNAs having a Ͼ4-fold decrease. B, list of miRNAs that were either up-regulated or down-regulated by at least 4-fold. C, aortic miR-155 expression in apoE Ϫ/Ϫ mice fed a HF diet for 0 weeks (n ϭ 6), 3 weeks (n ϭ 7), 6 weeks (n ϭ 7), and 12 weeks (n ϭ 4) measured by qRT-PCR. D and E, plasma levels of cholesterol and triglyceride in apoE Ϫ/Ϫ mice fed with HF diet for 0 weeks (n ϭ 6), 3 weeks (n ϭ 3), 6 weeks (n ϭ 6), and 12 weeks (n ϭ 3). F, Scatter plot analysis of the 84 most abundant miRNAs in miRBase in WT LPS-challenged aortas (y axis) versus PBS-treated aortas (x axis). G, list of miRNAs that were up-regulated in mouse aorta stimulated with LPS by at least 4-fold. H, WT mice on NC injected intraperitoneally with LPS (20 g/g) or PBS. After 4 h, aortas were excised and RNA was isolated. miR-155 expression was confirmed by qRT-PCR. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. et al. (33) detailed a pro-atherogenic role for miR-155 through its promotion of a proinflammatory macrophage response. In contrast, Donners et al. (25) report that hematopoietic miR-155 deficiency enhances atherosclerosis and decreases plaque stability in hyperlipidemic mice. Due to the conflicting reports within the scientific community, we felt that atherosclerosis assessment within our model would provide useful and significant insight into the topic. As part of this assessment, we organized a table identifying direct targets of miR-155 in atherosclerosis from previous studies (supplemental Table 1 ). Furthermore, our new results demonstrating that 4-h LPS stimulation significantly up-regulates miR-155 expression in WT aortas uniquely highlight the potential contributions of vascular cell miR-155 expression to atherogenesis in the absence of significant macrophage recruitment into the aorta under these conditions (39) . We performed several experiments to determine the role of miR-155 in vascular ECs and atherosclerosis. Investigation of atherosclerosis within our models yielded novel results. First, we found aortic intercellular adhesion molecule-1 (ICAM-1), a prototypic EC adhesion molecule, to be significantly diminished in miR-155 Ϫ/Ϫ mice in comparison with that of WT mice in non-stimulated and LPS-stimulated mice (Fig. 2 , A and C). This suggests that miR-155 promotes ICAM-1 expression under both physiological conditions and during times of inflammation where it facilitates aortic EC activation. The constitutive expression of ICAM-1 and insignificant upregulation of ICAM-1 in WT aortas in response to 4-h LPS stimulation may be due to a high constitutive expression of ICAM-1 or possibly a delayed ICAM-1 up-regulation in response to LPS stimulation. Second, we found no difference in the expression of aortic VCAM-1, another prototypical EC adhesion molecule, between miR-155 Ϫ/Ϫ and WT mice (Fig. 2,  A and B ). This suggests that miR-155 selectively impacts ICAM-1 expression. To further extend this finding, we examined miR-155 expression in human aortic ECs (HAECs) stimulated by LPS and pro-atherogenic inflammatory cytokines TNF-␣ and IL-1␤ as well as oxidized low density lipoproteinderived pro-atherogenic lipids, lysophosphatidic acid and lysophosphatidylcholine. Although the results of TNF-␣-induced up-regulation of miR-155 in human umbilical vein ECs have been reported (29) , we are the first to report that stimulation by LPS, TNF-␣, IL-1␤, lysophosphatidic acid, and lysophosphatidylcholine induces miR-155 up-regulation in atherosclerosisrelated human aortic ECs (Fig. 2D ). Similar to our data, other studies show that TNF-␣, IL-1␤, and IL-6 serve as proinflammatory mediators of miR-155's pro-atherosclerotic function (33, 40) . Our findings of miR-155 up-regulation in aortic ECs in response to pro-atherogenic stimuli and of miR-155 promotion of ICAM-1 expression in mouse aortas strongly suggest an important role for miR-155 in promoting aortic EC activation. To directly examine this issue, we used a static EC adhesion assay as a functional read-out for aortic EC activation. HAECs were transfected with various doses of miR-155 mimic (6.25, 12.5, 25, and 50 ng) and then permitted to interact with nontreated human peripheral blood mononuclear cells as we have previously reported (12) . Our results showed that enhanced miR-155 expression in aortic ECs significantly increased monocyte adhesion to miR-155 mimic-transfected HAECs in com- parison to HAECs transfected with mimic controls, indicating that miR-155 plays a functional role in EC activation and leukocyte adhesion ( Fig. 2E ).
Proinflammatory immune responses play a critical role in the pathogenesis of MetS, obesity, and atherosclerosis (41) , and miR-155 has been indicated as a mediator of several cellular processes related to these pathologies (33) . In addition, our results on miR-155 promotion of aortic EC activation implicate miR-155 as a player in atherogenesis. We used apoE Ϫ/Ϫ /miR-155 Ϫ/Ϫ DKO mice to determine whether miR-155 promotes early atherosclerosis, which was not examined previously (33, 42) . At 8 weeks of age, several groups of male mice were fed with a high fat diet for 0, 3, 6, or 12 weeks, after which aortas were excised for enface analysis (Fig. 3, A and B) . As expected, we observed virtually no plaque area in the 0-and 3-week high fat-fed mice as well as no discernible differences between apoE Ϫ/Ϫ and DKO mice. However, after 6 weeks of a high fat diet, a noticeable phenotype began to develop despite being statistically insignificant, as DKO mice had 32% less aortic lesions. This indicates that miR-155 in vascular cells, including aortic ECs, contributes to early atherosclerosis (i.e. the stage before intermediate lesion formation in apoE Ϫ/Ϫ mouse aortas;
Ref. 43) as we reported in a similar study (11) . Observation at 12 weeks of a high fat diet resulted in statistically significant findings, translating to a 45% decrease in lesion area in DKO mice in comparison to their apoE Ϫ/Ϫ equivalents (p Ͻ 0.05) ( Fig. 3 , A and B). We then confirmed this 12-week high fat data by examining atherosclerotic plaque development within the aortic root using histological approach. Again, we observed a significant statistical difference in plaque area in the aortic root between apoE Ϫ/Ϫ and DKO mice (p Ͻ 0.05) ( Fig. 3C ). These new findings along with our new EC activation data strongly indicate that miR-155 is pro-EC-activating and pro-atherogenic in nature, which significantly strengthens the macrophage data published by Nazari-Jahantigh et al. (33) and Du et al. (42) .
MiR-155 Inhibits HF-induced Obesity and Augmented Gonadal White Adipose Tissue Mass in ApoE Ϫ/Ϫ Mice-The incidence of overweight and obese individuals is a growing epidemic worldwide. As a result, individuals afflicted with MetS and CVD have simultaneously skyrocketed, posing a major health problem (41) . In contrast to traditional health outcomes, the best survival of patients with chronic heart failure and coronary artery disease is observed in overweight or obese patients, a finding termed as the obesity paradox (4 -7). Although a previous report suggests that miR-155 inhibits the differentiation of brown adipose tissue (34) , it remains unclear whether miR-155 regulates the adipogenesis of WAT. The following findings indicate that miR-155 may promote atherosclerosis but inhibit white adipocyte hypertrophy. 1) miR-155 promotes atherosclerosis reported here and also by others (34, 44) . 2) miR-155 is expressed in human intra-abdominal omental adipose tissue (WAT) (35) . 3) miR-155 expression is down-regulated during adipogenesis (34, 40) . 4) Our in silico analysis (National Institutes of Health Geo Datasets database) found that miR-155 expression is decreased in WAT samples from high fat dietinduced obese mice when compared with non-obese controls ( Fig. 3D ). 5) An inverse correlation exists between the expression of miR-155 in human intra-abdominal omental adipocytes and mean adipocyte volume (35) . 6) Overexpression of miR-155 during adipogenesis of primary human stromal cells inhibits adipogenesis (40) . Thus, we examined a novel hypothesis that miR-155 promotes atherosclerosis but inhibits white adipocyte hypertrophy. Our corollary hypothesis was that depletion of miR-155 in an apoE Ϫ/Ϫ background would result in mice with decreased atherosclerosis and increased obesity, similar to the findings found in patients with obesity paradox (4 -7). To test these hypotheses, we used the well established method of high fat diet-induced obesity on WT mice, miR-155 Ϫ/Ϫ mice, apoE Ϫ/Ϫ mice (44) , and apoE Ϫ/Ϫ /miR-155 Ϫ/Ϫ DKO mice ( Fig. 4 ) to explore the role of miR-155 in obesity and MetS. We first examined body mass, where we found that both male and female mice from the WT group and the miR-155 Ϫ/Ϫ group gained significant body weight, starting gradually after 2-3 weeks of a HF diet (supplemental Fig. 1 , A-D), suggesting that the high fat diet-induced obese model worked as expected. However, there were no differences in body weight between the WT group and the miR-155 Ϫ/Ϫ group on either normal chow (NC) or HF diet except in female WT versus miR-155 Ϫ/Ϫ mice fed NC, which exhibited a significant difference only until 13 weeks old ( Fig. 4, A-D) . In contrast, when challenged with a high fat diet (44) , male and female DKO mice exhibited a clear phenotype with body mass augmentation in comparison to apoE Ϫ/Ϫ mice (p Ͻ 0.05) ( Fig. 4, G and H) . This difference rapidly manifested in male DKO mice showing statistical difference after only 1 week of high fat feed and persisting throughout the duration of the study (p Ͻ 0.05) ( Fig. 4G) . Female DKO mice also demonstrated significant distinction from apoE Ϫ/Ϫ counterparts on a high fat feed, although this phenotype was delayed in onset and not as dramatic as that witnessed in the males (p Ͻ 0.05) ( Fig. 4H ). Our data suggest that miR-155 plays an integral part in maintaining metabolic homeostasis during times of caloric surplus in a vascular disease setting.
Because the observed augmentation in body weight within our DKO mice could be due to a change in body composition, we further investigated this matter. Using an NMR method as reported (45), we were able to evaluate mouse body fat percentage, lean mass percentage, and free fluid percentage. We found that the absolute body fat in grams and body fat percentage of both male and female miR-155 Ϫ/Ϫ mice on NC diet were significantly higher than those of WT controls (p Ͻ 0.05) ( Fig. 5 , A and B), whereas the absolute body fat in grams and body fat percentages of both male and female miR-155 Ϫ/Ϫ mice on a high fat diet were also higher than that of WT controls but without significance (p Ͼ 0.05) ( Fig. 5, A and B) . In addition, male DKO mice on normal or HF diet had a significantly elevated body fat percentage when compared with apoE Ϫ/Ϫ counterparts ( Fig. 5G ). These differences equated to a 19% and 46% increase in body fat percentage within the NC and HF diet-fed groups, respectively. This trend was also observed in the female DKO mice (Fig. 5H ). The evaluation of the female high fat diet groups revealed a statistically significant 30% augmentation in body fat percentage, whereas the same trend was observed in the NC groups despite not reaching statistical significance. These data definitively showed that the elevated body mass in the DKO mice is a result of augmented body fat. In addition, the smaller distinction in body fat percentage among female mice was in accordance with our body weight observations, showing the continuity among our data.
Analysis of the lean mass data generated by NMR, as expected, yielded an inverse relationship of the lean mass with body mass percentage. This is anticipated as an increase in body fat percentage must result in a reduction in lean mass percentage. Specifically, we found that lean mass percentage was significantly reduced in male DKO mice in comparison to male apoE Ϫ/Ϫ mice on HF diet (Fig. 5I ). Furthermore, the same trend was observed in NC groups, although statistical significance was not achieved. Investigation of the lean mass data in female DKO mice on a HF diet also revealed a significant reduction when compared with apoE Ϫ/Ϫ equivalents ( Fig. 5J ). Also like the males, a statistically significant distinction between female mice on NC could not be established even though the same trend was observed. These lean mass data provide additional support to our findings on mouse body fat percentages.
The final measurement recorded with NMR was free body fluid mass and percentage. In this case we observed a difference between male apoE Ϫ/Ϫ mice and male DKO mice on a high fat diet ( Fig. 5K ) but found no differences within diet groups for females ( Fig. 5L ). This uniformity among apoE Ϫ/Ϫ and DKO mice is important as free body fluid percentage serves as a comparable baseline between groups for the validity of the body fat percentage and lean mass percentage measurements.
The lack of previous publications by the scientific community in regard to our findings on body mass and body fat percentage prompted us to further confirm these novel findings through fat pad examination. Although there are several sites where adipose tissue resides, the gonadal WAT (gWAT) deposit was chosen for further analysis. This site was selected for its size, comprising up to 50% of murine adipose tissue, and easy excision. The left gWAT pad mass of miR-155 Ϫ/Ϫ mice was heavier than that of WT mice despite not reaching statistical significance (Fig. 6 ). Analysis of the left gWAT pad revealed a significant increase in mass among male and female DKO mice on either a NC or HF diet when compared with apoE Ϫ/Ϫ equivalents (Fig. 6 ). This observation equated to a 43 and 112% increase in male gWAT pad mass in NC and HF diet-fed mice, respectively (Fig. 6A ). In accordance with this finding, female DKO mice also had larger gWAT deposits amounting to a 45 and 57% increase in gWAT mass in the NC and HF groups, JANUARY 27, 2017 • VOLUME 292 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 1273 respectively (Fig. 6B ). Our finding of augmented gWAT mass supports our previous body composition data.
MicroRNA-155 Down-regulation Leads to Obesity Paradox
MiR-155 Inhibits HF Diet-induced Adipocyte Hypertrophy in ApoE Ϫ/Ϫ Gonadal White Adipose Tissue-Recent progress shows that the generation of new adipocytes is constantly occurring (46, 47) . Thus, expansion of adipose tissue mass can occur by two processes: hyperplasia, the increase of mature adipocyte cell number, or by adipocyte hypertrophy, the enlargement of adipocyte cellular volume. During periods of positive caloric imbalance, adipocyte hypertrophy is believed to be the main contributor of augmented adipose tissue mass (48) .
To determine if adipocyte hypertrophy was the source for the increased adipocyte mass in our DKO mice, histological evaluation of adipocyte area within gWAT was performed. Our results revealed a clear and significant phenotype. Male and female DKO adipocyte cell areas were drastically larger than adipocyte cell areas of apoE Ϫ/Ϫ equivalents (Fig. 6, C and E) . This was not the case, however, when we looked at brown adipose tissue in our apoE Ϫ/Ϫ and DKO mice, as we found no significant difference in histological analysis (supplemental Fig.  2 ). These data support our earlier observations of increased gWAT mass and provide evidence that the observed increase in body fat is due to adipocyte hypertrophy, which is well correlated with CVD and MetS (49) .
MiR-155 Inhibits HF Diet-induced NAFLD in ApoE Ϫ/Ϫ Mice-NAFLD is a clinical condition hallmarked by the abnormal accumulation of triglycerides within the liver and is often considered a hepatic manifestation of MetS due to their tight affiliation (2) . Although miR-155 is not on the list of the 10 most up-regulated miRs or 10 down-regulated miRs in NAFLD (50), miR-155 was found to inhibit NAFLD (hepatosteatosis) in 6-month HF diet-induced NAFLD in wild-type mice (51) . However, the effects of miR-155 deficiency in an apoE Ϫ/Ϫ background in regard to NAFLD remain unknown. We postulated that miR-155 would impact hepatic lipid accumulation to a great enough extent to cause a discrepancy in hepatic weight. We first examined WT mice and miR-155 Ϫ/Ϫ mice fed with a HF diet in comparison to WT and miR-155 Ϫ/Ϫ mice fed with NC. We found a statistically significant increase in hepatic mass in male miR-155 Ϫ/Ϫ mice on a high fat diet when compared with WT equivalents, whereas no difference in NC groups was noted (Fig. 7A, left panel) . This correlated well with previous reports (51) . On the other hand, no significant difference was seen between female WT and miR-155 Ϫ/Ϫ mice on HF or NC (Fig. 7B, left panel) . In contrast, we found a statistically significant 40% increase in hepatic mass in male DKO mice on HF diet when compared with apoE Ϫ/Ϫ equivalents, whereas no difference in NC groups was noted. The same trend was witnessed in female mice where a 16% increase in hepatic weight in DKO mice on HF diet was detected, but no difference between NC groups was seen (Fig. 7, A and B, right panels) . These liver mass data are in accordance with our reports of triglyceride accumulation within DKO mice adipocytes (Fig. 6 ). To directly demonstrate that increased liver mass results from accumulation of fat in livers, we examined the morphology, coloration, and histology of apoE Ϫ/Ϫ and DKO livers. Livers excised from both male and female DKO mice were more pale and whitish in color, a result of hepatic lipid accumulation, than their deeply pigmented counterparts from apoE Ϫ/Ϫ mice (Fig. 7, C and E) . The hepatic steatosis was so pervasive that side by side unaided observation of whole livers from apoE Ϫ/Ϫ and DKO mice clearly reveals a distinction in hepatic coloration between the two. Widespread hepatic accumulation of triglycerides was seen in the male and female DKO mouse livers (Fig. 7, D and F) .
Our new data clearly demonstrate that miR-155 significantly inhibits the development of NAFLD in both male and female apoE Ϫ/Ϫ mice.
MiR-155 Inhibits HF Diet-induced Elevation of Plasma Leptin, Resistin, Fed-state Insulin, and Fasting Insulin but Does Not Affect Glucose Tolerance, Insulin Tolerance, and Body Weight Tolerance to Fasting in ApoE Ϫ/Ϫ Mice-Adipocytes from visceral fat are reported to be more lipolytically active than adipocytes from other fat pads and are closely linked with the deregulation of adipokines, including adiponectin, resistin, and leptin in obese individuals (52) . In light of this, we decided to examine the plasma levels of these three critical adipokines. Analysis of plasma leptin levels within male DKO and apoE Ϫ/Ϫ control mice revealed a statistically significant distinction in the male DKO HF groups (p Ͻ 0.05) and a similar albeit non-significant trend in the NC groups in comparison to apoE Ϫ/Ϫ control mice (p ϭ 0.0665). Quantification of this phenotype revealed an 86 and 101% increase in DKO leptin levels among the normal and high fat chow groups, respectively, when compared with apoE Ϫ/Ϫ counterparts (Fig. 8A) . The high leptin levels in DKO mice were similar to the clinical observation of elevated circulating leptin in obese individuals in comparison to healthy controls (53) . These results suggest that miR-155 inhib-its high leptin levels in apoE Ϫ/Ϫ mice. Next, we examined plasma resistin levels and found a statistically significant 70% increase in circulating resistin levels among male DKO mice on HF feed compared with apoE Ϫ/Ϫ equivalents (Fig. 8B) , which was in accordance with previous reports on obese mice and humans (54) . However, we did not find any significant difference in adiponectin levels among our mice (Fig. 8C ). Furthermore, our analysis also revealed a significant increase in fedstate insulin and fasting insulin levels in DKO mice among the high fat diet groups when compared with apoE Ϫ/Ϫ counterparts (p Ͻ 0.05) (Fig. 8, D and E) . Finally, we found that plasma fed-state insulin levels in DKO mice fed with NC were also significantly increased when compared with apoE Ϫ/Ϫ mice (p Ͻ 0.05), whereas the plasma fasting insulin levels were not different between apoE Ϫ/Ϫ mice and DKO mice fed NC. These results suggest that miR-155 inhibits high fat dietinduced elevations of plasma leptin, resistin, fed-state insulin, and fasting insulin in apoE Ϫ/Ϫ mice. We also looked at plasma triglyceride levels and found no significant difference (supplemental Fig. 3A) .
Because obesity is a risk factor for type II diabetes (55), elevated levels of fed-state insulin and fasting insulin in DKO mice suggest that glucose metabolism within DKO mice may be affected by miRNA-155 deficiency. To examine this possibility, we performed glucose tolerance and insulin tolerance tests. The results showed that in both NC and HF diet-fed mice, DKO mice showed no differences in the glucose tolerance tests (Fig.  9A ) and insulin tolerance tests when compared with apoE Ϫ/Ϫ mice (Fig. 9C ) (p Ͼ 0.05). Further quantitation analysis of the curves as the area under the curve (AUC) showed no statistical differences in male and female mice fed with NC or HF diet (Fig.  9, B and D) . Moreover, to consolidate the results from the glucose tolerance test and insulin tolerance test, we measured body weights of apoE Ϫ/Ϫ and DKO mice in their tolerance to fasting. The results showed no difference in body weight in both male and female DKO mice compared with apoE Ϫ/Ϫ control mice fed with NC or HF diet (Fig. 10 ). These results further confirm our findings of no differences between DKO mice and apoE Ϫ/Ϫ mice in glucose tolerance and insulin tolerance. The data suggest that miR-155 deficiency leads to obesity but does not cause insulin resistance and glucose intolerance.
MiR-155 Inhibits White Adipose Tissue Adipogenesis by Decreasing the Expression of Three Adipogenic Transcription Factors, C/EBP-␣, C/EBP-␤, and PPAR-␥, in WAT and Liver-
Because the three transcription factors, CCAAT/enhancerbinding protein-␣ (C/EBP-␣), C/EBP-␤, and peroxisome proliferator-activated receptor-␥ (PPAR-␥), play critical roles in promoting adipogenesis, we hypothesized that these three transcription factors are modulated by miR-155 expression in adipose tissue and in liver. To test this hypothesis, we performed quantitative RT-PCRs. The results showed that the expression levels of the three adipogenesis transcription factors in WAT and liver were up-regulated in DKO mice in comparison to those of apoE Ϫ/Ϫ mice on HF and NC feeding ( Fig. 11) . Of note, a previous report showed that PPAR-␥ and C/EBP-␤ are miR-155 targets in brown adipose tissue (34) , but our results demonstrated that these adipogenic transcription factors are also miR-155 targets in both WAT and liver. Furthermore, pre- vious studies demonstrate that miR-155 deficiency or overexpression respectively increased or decreased the levels of these transcription factors (supplemental Table 2 ). These results suggest that the adipogenic regulations in WAT and liver are shared in miR-155 regulatory pathways.
Discussion
It is widely accepted that the prevalence of CVD markedly increases with increasing severity of obesity (3). However, an exception to this widely accepted concept was observed clinically in some patients with chronic diseases, such as chronic heart failure or coronary artery disease, where the best survival, or prognosis, is observed in overweight or obese patients compared with ideal weight patients. This phenomenon is termed the obesity paradox (4 -7). Currently, the regulatory mechanisms underlying the obesity paradox remain unknown, which may be partially due to the fact that animal models mirroring obesity paradox in patients have not been established. We set out to address this issue with the use of a high fat diet-induced atherogenesis and adipogenesis model in apoE Ϫ/Ϫ mice. By performing array, histological, flow cytometry, NMR, and metabolic analyses, we were able to demonstrate the following exciting findings: first, miR-155 is significantly up-regulated in the aortas of apoE Ϫ/Ϫ mice fed with a HF diet for only 3 weeks and in the aortas of 4-h LPS-stimulated WT mice; second, miR-155 promotes human aortic EC activation and atherosclerosis; third, miR-155 inhibits HF diet-induced obesity and augmented gonadal WAT mass in apoE Ϫ/Ϫ mice; fourth, miR-155 inhibits HF diet-induced adipocyte hypertrophy in apoE Ϫ/Ϫ gonadal WAT; fifth, miR-155 inhibits HF diet-induced NAFLD in apoE Ϫ/Ϫ mice; sixth, miR-155 inhibits HF diet-induced elevations of plasma leptin, resistin, fed-state insulin, and fasting insulin but does not affect glucose tolerance, insulin tolerance, and body weight tolerance to fasting in apoE Ϫ/Ϫ mice; seventh, miR-155 inhibits WAT adipogenesis by decreasing the expression of three adipogenic transcription factors, C/EBP-␣, C/EBP-␤, and PPAR-␥, in WAT and liver. These results suggest that miR-155 promotes aortic EC activation and atherogenesis but inhibits WAT development and the pathogenesis of NAFLD, which makes our DKO mice a novel model for studying the pathogenesis of obesity paradox.
In 2002, Gruberg et al. observed better prognosis in overweight and obese patients with coronary heart disease undergoing percutaneous coronary intervention compared with their normal weight counterparts (56) . Although there are extensive debates over whether obesity paradox exists (57), many teams have reported the obesity paradox in various chronic diseases, including peripheral artery disease, stroke, type 2 diabetes, chronic heart failure, etc. (4 -7, 58) . The obesity paradox may be partly explained by cardiovascular fitness as less coronary atherosclerosis was found in the autopsies of severely obese subjects (59) . However, as aforementioned, the molecular mechanisms underlying the generation of obesity paradox remain largely unknown (58) , which may partially result from the fact that animal models mirroring obesity paradox have not been established. Our findings in apoE Ϫ/Ϫ /miR-155 Ϫ/Ϫ (DKO) mice, which have features of decreased atherosclerosis but increased obesity and NAFLD in comparison to apoE Ϫ/Ϫ mice, suggest that our DKO mice constitute a novel mouse model for studying obesity paradox. Since it was first reported that spontaneous hypercholesterolemia and atherosclerotic lesions develop in mice lacking apoE in 1992 (60), many genes and factors have been identified in regulating atherogenesis, including inflammatory factors (61) . Similarly, we would expect that our DKO mice would significantly facilitate the research in further dissecting the genes and factors contributing to the obesity paradox.
Our and Nazari-Jahantigh et al. completed human miRNA expression profiling with various arterial beds and found the expression of several miRNAs to be modulated. Specifically, miR-155 expression was up-regulated in the femoral artery and aorta of patients with atherosclerosis when compared with healthy patients. Additionally, in a second study, the levels of miR-155 were found to be elevated in human carotid artery plaques when compared with non-plaque areas of the vessel wall (33) .
It has been previously reported that miR-155 plays a critical role in adipose tissue function, specifically brown adipose tissue (34) . However, no reports have investigated the role of miR-155 in WAT, which is physiologically distinct from brown adipose tissue. Therefore, our findings of miR-155 regulation in gWAT are novel. The classification of gWAT as visceral fat implicates miR-155 as a mediator of CVD and MetS pathologies as both are tightly correlated with visceral fat abundance. Our new data obtained with our DKO mice have directly demonstrated the cause-effect relationship that miR-155 inhibits high fat dietinduced WAT hypertrophy in mouse WAT.
Metabolically healthy obesity (MHO) is a condition where some obese patients retain a healthy metabolic profile that is defined by the guidelines of having none of the following: elevated blood pressure, increased fasting glucose levels, elevated triglycerides, and decreased high density lipoproteins (63) . In other words, these patients do not have MetS. In our model, we have demonstrated that DKO mice lack elevated fasting glucose levels and triglycerides. Furthermore, our mice do not show a decrease in high density lipoproteins (supplemental Fig. 3B) . In contrast to other proposed models for MHO study, which display only one or two of the criteria for MHO (64), our model incorporates multiple key traits of MHO. We, therefore, propose apoE Ϫ/Ϫ /miR-155 Ϫ/Ϫ DKO mice as a novel integrated mouse model exhibiting the key characteristics of metabolically healthy obesity giving rise to the observed obesity paradox.
Taken together, based on our findings and the reports of others, we propose a novel working model where miR-155 expression contributes to the obesity paradox ( Fig. 12 ) as follows: 1) Pro-atherogenic stimuli, including oxidized LDL, lysolipids, LPS, TNF-␣, and IL-1␤ up-regulate miR-155 in mouse aortas. miR-155 then promotes atherogenesis by inducing EC activation (shown in this study) and by promoting proinflammatory macrophage response in atherosclerosis through direct repression of B-cell lymphoma 6 (BCL6), a transcription factor known to repress NF-B signaling (33) and direct repression of suppressor of cytokine signaling 1 (SOCS1) (65). 2) Adipogenesis signals in white and brown fat tissues, along with transforming growth factor (TGF)-␤ (34), inhibit miR-155 expression, which leads to the up-regulation of miR-155 target genes, including PPAR-␥, C/EBP-␣, and C/EBP-␤, in adipose tissues and NAFLD. Consequently, miR-155 deficiency/down-regulation leads to augmentation of WAT mass, obesity and NAFLD.
3) Because administration of recombinant resistin in healthy animals leads to diminished glucose tolerance and insulin sensitivity (66), increased plasma resistin levels and increased PPAR-␥ expression in DKO mice would be expected to contribute to insulin insensitivity. As a consequence, insulin production would increase in a compensatory manner, resulting in the observed hyperinsulinemia in the DKO mice without the other accompanying MetS features, including hyperglycemia, insulin resistance, and type 2 diabetes. 4) Although our results on obesity paradox were obtained mostly in DKO mice, miR-155 upregulation is also induced by various pro-atherogenic stimuli in HAECs as well as atherogenic apoE Ϫ/Ϫ aortas. In addition, it has been reported that miR-155 is expressed in human intraabdominal omental adipose tissue (WAT) (35) , and miR-155 expression is down-regulated during adipogenesis (34, 40) . Moreover, an inverse correlation has been found between the expression of miR-155 in human intra-abdominal omental white fat adipocytes and the mean white fat adipocyte volume (35) . Furthermore, overexpression of miR-155 during adipogenesis of primary human stromal cells inhibits adipogenesis (40) . Taken together, these miR-155 findings in human cells suggest that our obesity paradox model could truly mimic human molecular pathways of miR-155, which supports the concept that apoE Ϫ/Ϫ /miR-155 Ϫ/Ϫ DKO mice are a novel mouse model for studying obesity paradox in humans. Future work will be needed to verify the deficiency or down-regulation of miR-155 expression in aortas, liver, and adipose tissues in patients with obesity paradox. The establishment of this obesity paradox mouse model would significantly improve our understanding of the obesity paradox and facilitate the future characterization of its molecular mechanisms. Hopefully these advances will lead to the identification of novel therapeutics for related metabolic CVDs.
Experimental Procedures
Animal Care, Mouse Genotyping, and Age Development-All animal use was authorized by, and performed in accordance with, Institutional Animal Care and Use Committee (IACUC) guidelines. In addition, all laboratory animal work was approved by the Experimental Animal Committee of Temple University School of Medicine.
ApoE mutant mice, miR-155 mutant mice, and WT mice were of a C57BL/6 background and purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were housed in the Temple University Central Animal Facility under controlled conditions, given ad libitum access to standard chow diet and water and put on a 12-h light-dark cycle. Novel miR-155 Ϫ/Ϫ / apoE Ϫ/Ϫ (DKO) mice were generated by crossing miR-155 Ϫ/Ϫ mice with apoE Ϫ/Ϫ mice. In all experiments mice were agematched and gender-specified. At 8 weeks of age, mice were either maintained on their current normal chow diet (5% fat, Labdiet 5001; St. Louis, MO) or switched to a diet supplemented with 0.2% (w/w) cholesterol and 21.2% (w/w) fat (high fat diet) (TD 88137, Harlan Teklad) for specified periods before being sacrificed for experimental use.
Mice were genotyped for a specific gene of interest with PCR followed by agarose gel analysis. First, mouse tail or ear tissue was collected and digested with 600 l of tissue lysis buffer (10 mM Tris (pH 8.0), 100 mM NaCl, 10 mM EDTA (pH 8.0), and 0.5% SDS) containing 0.4 mg/ml proteinase K (EMD Millipore) at 55°C overnight. Tissue lysate was then centrifuged at 13,000 rpm for 20 min. Supernatant containing genomic DNA was then collected, and DNA was precipitated in 700 l of 100% ethyl alcohol before being dissolved in 200 l of distilled deionized water at 37°C overnight.
MicroRNA-155 Down-regulation Leads to Obesity Paradox
Mouse genomic DNA was next amplified with the use of gene of interest-specific primer sets and PCR. Murine miR-155 allele was examined using the following primers: miR-155 common primer 5Ј-GTGCTGCAAACCAGGAAGG-3Ј, miR-155 wildtype primer 5Ј-CTGGTTGAATCATTGAAGATGG-3Ј, and miR-155 knock-out primer 5Ј-CGGCAAACGACTGTCCTG-GCCG-3Ј. Optimized miR-155 allele PCR was performed under conditions of 94°C for 30 s, 61.8°C for 60 s, and 72°C for 60 s for a total of 35 cycles. The PCR products were then separated by gel electrophoresis on a 1.5% agarose gel with the wildtype band resolving at 465 bp and the knock-out band at 600 bp. The murine apoE allele was examined using the following primers: apoE common primer 5Ј-GCCTAGCCGAGG-GAGAGCCG-3Ј, apoE wild-type primer 5Ј-TGTGACT-TGGGAGCTCTGCAGC-3Ј, and apoE mutant primer 5Ј-GCCGCCCCGACTGCATCT-3Ј. Optimized apoE allele PCR was performed under conditions of 94°C for 30 s, 68°C for 40 s, and 72°C for 60 s for 35 cycles. The PCR products were then separated on a 2% agarose gel by gel electrophoresis with the apoE wild-type band resolving at 155 bp and the mutant band at 245 bp. All gels were supplemented with 0.1 mg/ml ethidium bromide and visualized using ultraviolet detection from a Foto analyst image system (Fotodyne, WI).
Two weeks after birth, the development of male and female apoE Ϫ/Ϫ and DKO mice was determined by weighing their mass on a weekly basis with an ISO9001 scale from Satorius FIGURE 12. The downregulation or deficiency of miR-155 in mice serves as a novel mouse model of obesity paradox with decreased atherosclerosis but increased obesity. Our new working model suggests that: A, during the development of atherosclerosis, pro-atherogenic signals (e.g. oxLDL, LPS, lysolipids, and/or pro-inflammatory cytokines) activate their respective receptors to promote miR-155 expression or activity within aorta, leading to endothelial cell activation, monocyte/macrophage recruitment, and therefore atherosclerosis initiation. Thus, deficiency or down-regulation of miR-155 leads to decreased atherosclerosis. On the other hand, in white adipose tissue, pro-adipogenic signals and TGF-␤ inhibit miR-155 expression or activity. Consequently, deficiency or down-regulation of miR-155 leads to increased expression of miR-155-suppressed molecular targets including pro-adipogenic transcription factors (e.g. C/EBP-␣, C/EBP-␤, and PPAR-␥), leading to NAFLD, adipocyte hypertrophy and eventual obesity. The resulting obesity promotes resistin levels that would normally create an insulin insensitive milieu. However, the increased levels of PPAR-␥ inhibit this process, thus insulin sensitivity is maintained. B, our findings show that miR-155 deficiency or down-regulation results in decreased atherosclerosis, but increased white adipocyte hypertrophy, obesity, NAFLD and hyperinsulinemia amidst euglycemia.
(Elk Grove, IL). At 4 weeks of age, mice were weaned into gender-specific cages with 2-5 mice per cage. After maturation at 8 weeks of age, mice were then either kept on normal chow or put on high fat feed until 20 weeks of age when they were sacrificed for experiment.
Body Composition Analysis-At 20 weeks of age, body composition analysis was performed on male and female apoE Ϫ/Ϫ and DKO mice fed either normal chow diet or high fat diet (Harlan Teklad). In brief, mice were euthanized and frozen at Ϫ80°C until collection of the total experiment population. Mice were then thawed, and NMR body composition analysis was performed with a LF50 minispec from Bruker. This analysis provided total body mass, fat mass, lean body mass, and free fluid mass measurements.
gWAT Pad Analysis-Male and female apoE Ϫ/Ϫ and DKO mice on normal or high fat chow were sacrificed at 20 weeks of age, and the left gWAT pad was then excised, washed in phosphate buffered saline (PBS), and measured with an AB54-S scale from Mettler Toledo (Switzerland). The gWAT was then imaged with NIS Elements software on a radiograph copy stand from Ilex optical company with a Nikon DS-Fi1 camera. A surgical ruler was used as a point of reference in all pictures.
The right gWAT was also excised and fixed in 5 ml of Bouin Solution (75 ml of picric acid, 25 ml of 37-40% formaldehyde, and 5 ml glacial acetic acid) for 24 h before paraffin embedding (described below). Paraffin blocks were then sent to the AML Laboratories (Baltimore, MD) for sectioning and hematoxylin and eosin (H&E) staining. Slides were then imaged using an Akioskop2 Plus microscope and Axiocam camera (Carl Zeiss Inc.). Adipocyte sizes within a 20ϫ magnification field were then determined using Adobe Photoshop CS5 software.
Hepatic Tissue Analysis-Livers from euthanized male and female apoE Ϫ/Ϫ and DKO mice on normal and high fat chow were excised, washed in PBS, and weighed with an AB54-S scale from Mettler Toledo. Segments of liver were then fixed in 4% paraformaldehyde (Sigma) for 24 h before being embedded in paraffin (described below). Paraffin blocks were then sent to AML Laboratories for sectioning and H&E staining. Histological evaluation of the sections was then performed, and images were taken using an Akioskop2 Plus microscope and AxioCam camera. In addition to the livers used for histological purposes, other whole livers were imaged on a radiograph copy stand from Ilex Optical Co. with NIS Elements software and a Nikon DS-Fi1 camera. A surgical ruler was used as a point of reference in all pictures.
Paraffin Embedding-Tissue samples were fixed as previously described before paraffin embedding. After fixation, samples were dehydrated with various concentrations of isopropyl alcohol (Fisher). In brief, samples were put in 50% isopropyl alcohol for 45 min and then in 70% isopropyl alcohol for at least 2 h. After this, the tissues were submerged in 95% isopropyl alcohol for 45 min. Next, samples were soaked in 100% isopropyl alcohol for 30 min (twice), and then the tissue was dehydrated in xylene (Sigma) for 45 min (twice). At this point, the samples were put in melted paraffin (Fisher), which was then allowed to harden. The paraffin was then melted in a 57°C incubator for 2-3 h, and the samples were moved to fresh liquid paraffin and kept at 57°C for 1 h. Finally, the tissue was moved to steel molds where fresh paraffin was poured on top and covered with a plastic mold (Fisher). The liquid paraffin was then allowed to harden, and the molds were placed in a refrigerator at 4°C. After 1 h, the steel molds were removed leaving the tissue-containing paraffin block attached to the plastic mold.
Murine Metabolic Evaluation-Utilizing metabolic cages from Tecniplast (Italy), male and female apoE Ϫ/Ϫ and DKO mice were evaluated for water consumption, food consumption, urine excretion, and fecal excretion. At 8 weeks of age, mice were individually housed within a metabolic cage and given ad libitum access to diet gel (Fisher) and water. After 24 h of acclimation, water bottles, food cups, feces, and urine were weighed on a daily basis for the next 7 days. In addition, mice were weighed on a daily basis to ensure overall health.
Lipid, Lipoprotein, and Metabolic Parameter Analysis-Whole blood was collected from anesthetized animals via the inferior vena cava and deposited into mini-centrifuge tubes containing 25 l of 5% EDTA. Plasma was then isolated by centrifugation at 4°C for 15 min at 3000 rpm and frozen at Ϫ80°C. The samples were then packed on dry-ice and shipped overnight to either the National Mouse Metabolic Phenotyping Center in Yale University School of Medicine (New Haven, CT) for measurement of low density lipoprotein, high density lipoprotein, total cholesterol, non-esterified fatty acids, and triglycerides or to the National Mouse Metabolic Phenotyping Center in the University of Massachusetts (Amherst, MA) for measurement of glucose, insulin, glucagon, leptin, adiponectin, and resistin.
Glucose Tolerance Test (GTT)-GTTs were performed on normal-or high fat-fed male and female apoE Ϫ/Ϫ and DKO mice at 20 weeks of age as previously described (67, 68) . In brief, after an overnight fast of 16 h, mice were restrained, and their tails nicked for blood collection. Blood glucose levels were then determined by gently massaging a small drop of blood from the tail and onto a glucometer strip. The strip was then analyzed with a Glucose 201 glucometer from HemoCue (Brea, CA). After determination of fasted blood glucose levels, each mouse received a 1 g/kg intraperitoneal (i.p.) injection of 10% D-glucose (Sigma). Blood glucose levels were then measured at 30, 60, 90, and 120 min post injection and recorded. In addition, each animal was weighed before and after fasting to ensure health before testing.
Insulin Tolerance Test (ITT)-ITTs were carried out on male and female apoE Ϫ/Ϫ and DKO in a similar fashion as described above. After baseline blood glucose levels were determined, each mouse received a 0.75 unit/kg i.p. injection of human insulin (Sigma). Blood glucose levels were then determined 30, 60, 90, and 120 min post injection.
RNA Extraction, Isolation, and Quantification-As described by the manufacturer, total RNAs, including miRNAs, were isolated from murine aorta, liver, and gWAT with the miRNeasy isolation kit (Qiagen). In brief, cultured cells were grown in 35-mm cell culture dishes and twice rinsed with ice-cold PBS before being lysed with 1 ml of Qiazol reagent (Qiagen). After being collected into a micro-centrifuge tube, lysed cells were shaken vigorously for 15 s and then incubated for 5 min at room temperature to allow for complete dissociation of nucleoprotein complexes. Next, 140 l of chloroform was added to each sample, and the mixture was shaken vigorously for 15 s before being allowed to stand for 2-3 min at room temperature. After this, the samples were centrifuged at 13,000 rpm for 15 min at 4°C. The upper aqueous phase was then collected, and the RNA was precipitated by the addition of 1.5 volumes of 100% ethyl alcohol (Pharmco-Aaper). The solution was then added to Qiagen mini spin columns and centrifuged at 12,000 rpm for 60 s. Flow-through was then discarded, and the column was washed with 700 l of Qiagen RWT buffer. Again the flowthrough was discarded, and the column was washed twice with Qiagen RPE buffer. After centrifugation, the column was gently removed and placed into a clean micro-centrifuge tube. The RNA was then solubilized in 30 l of nuclease-free water and passed off the column. RNA generated from murine tissue was isolated with homogenization with a Pro200 homogenizer from Scientific Pro in 900 l of Qiazol Reagent and purified in a similar fashion. The quality and concentration of all RNA samples were then determined with a Nanodrop 2000 from Thermo Scientific.
RNA Reverse Transcription-Total RNA was reverse-transcribed to generate complementary DNA using the High Capacity cDNA Reverse Transcription kit (Invitrogen, catalog #4368814) as per the manufacturer's instructions. Meanwhile, reverse transcription to generate complementary DNA for miR-NAs was accomplished with the miScript II RT kit (Qiagen, catalog #218160) according to the manufacturer's instructions. All cDNA products were then stored at Ϫ80°C until further use.
Quantitative Real-time PCR-The mRNA expression levels of protein coding genes as well as miRNA expression were determined by quantitative real-time PCR performed with the StepOnePlus PCR system (Applied Biosystems). SYBR Green dye (Invitrogen) was used to quantify mRNA expression levels with transcripts being normalized to the constitutive mRNA expression of ␤-actin or GAPDH for all human genes and murine genes, respectively. The expression of miRNA was also detected by SYBR-green dye (Qiagen), and transcripts were normalized to the constitutively expressed ribosomal RNA, U6. The specific primers used are listed: murine GAPDH (forward primer 5Ј-GAGGCCGGTGCTGAGTATGTCGTGGA-3Ј, reverse primer 5Ј-CACACCCATCACAAACTGGGGGCAT-3Ј); murine C/EBP-␤ (forward primer 5Ј-CACCACGACTTCC-TCTCCGACCTCT-3Ј, reverse primer 5Ј-GTACTCGTCGC-TCAGCTTGTCCACCC-3Ј); murine C/EBP-␣ (forward primer 5Ј-CGAGGAGGACGAGGCGAAGCA-3Ј, reverse primer 5Ј-TGCGCAGGCGGTCATTGTCAC-3Ј); murine PPAR-␥ (forward primer 5Ј-TCCGTAGAAGCCGTGCAAGAGATCA-3Ј, reverse primer 5Ј-CAGCAGGTTGTCTTGGATGTCCTCG-3Ј); murine miR-155 (Purchased from Qiagen); murine/human U6 (purchased from Qiagen); murine ICAM-1 (forward primer 5Ј-GTTCTCTAATGTCTCCGAGGC-3Ј; reverse primer 5Ј-CTTCAGAGGCAGGAAACAGG-3Ј) and murine VCAM-1 (forward primer 5Ј-GCAAAGGACACTGGAAAAGAG-3Ј, reverse primer 5Ј-TCAAAGGGATACACATTAGGGAC-3Ј).
miFinder PCR Array-Total RNAs, including miRNAs, were isolated from the aortas of apoE Ϫ/Ϫ mice on 12 weeks of normal or high fat chow and reverse-transcribed as previously described. The cDNA from five individual mice of the same experimental group was then equally mixed together and added to a miFinder PCR array (Qiagen), and quantitative real-time PCR was performed. The data from each experimental array plate was then analyzed with software provided on the Qiagen website.
Atherosclerotic Lesion Analysis-Murine hearts and aortas were perfused with ice-cold PBS, harvested, and fixed overnight with 4% paraformaldehyde. Fixed tissues were then kept in 20% (v/v) sucrose (Sigma) for 24 h. After this, the lower ventricular portion of the mouse heart was removed with a scalpel, and the upper cardiac portion was embedded with Optimal Cutting Temperature compound (OCT) (Fisher) and frozen. Mouse aortas were transferred to mini-centrifuge tubes containing PBS and stored at 4°C. The hearts were then cross-sectioned for observation of the aortic root with a Microm HM 560 cryostat (Thermo Scientific). Mounted onto Superfrost slides (Fisher), 10-m sections were taken from the point where the aortic valves first appeared until a total of 80 sections were collected serially across 10 slides. Slides were next stained with Oil red O (Sigma) and alum hematoxylin (Fisher). Briefly, fixed sections were rinsed with 60% isopropyl alcohol and stained with freshly prepared Oil red O (0.3% Oil Red O in 60% isopropyl alcohol) for 18 min. After this, slides were rinsed with 60% isopropyl alcohol, dipped in alum hematoxylin, and rinsed with distilled water. The stained sections were then mounted with aqueous mounting medium (Sigma) and stored at room temperature until imaging. Meanwhile, the aortas were used for enface staining. After fully removing all adipose and connective tissue, the aortas were stained with Sudan IV (5 mg/ml in 70% isopropyl alcohol) (Sigma) for 40 min at 37°C. After this, the aortas were incubated in 70% isopropyl alcohol for 5 min. Next, a longitudinal cut was made to expose the intimal surface of the vessel and pinned open on a black silicone tray for imaging.
Images of the aortic root were captured with an AxioCam camera mounted to an Axioskop 2 microscope, whereas images of the aorta were captured with the same camera mounted to a Stemi 2000-C microscope (Carl Zeiss). Atherosclerotic lesion area within the aortic sinus was defined as the area stained with Oil red O and measured with ImageJ (National Institutes of Health). Evaluating all eight aortic sections per slide, the percentage of lesion area was calculated by dividing the lesion area by the total sinus area and averaging the values for the eight sections. Meanwhile, the lesion area in the whole aorta was defined as the red area stained with Sudan IV. The summated lesion area was then divided by the total aorta area to tabulate the atherosclerotic lesion area.
Protein Extraction, Bicinchoninic Acid (BCA) Assay and Western Blot Analysis-Protein extracts were prepared from murine aortas. In brief, aortas were snap-frozen in liquid nitrogen until put in PBS supplemented with 0.2% 500ϫ EDTA (Sigma), 0.4% 250ϫ PMSF) (Sigma), and 2.0% proteinase tablet (Roche Applied Science). Aortas were then cut with fine dissection scissors, sonicated, and boiled for 5 min. The samples were then centrifuged at 13,000 rpm for 2 min, and the pellets were then resuspended in 150 l of sample buffer (0.75% SDS, 0.03 M Tris-HCl stock (pH 6.8), 5.6% glycerol, 1 mM EDTA, 0.04 mg/ml PMSF, 0.2% proteinase tablet) and frozen until quantification.
Unknown protein samples were quantified using a pierce BCA protein assay kit (Fisher) and a standard curve of bovine serum albumin. Samples were loaded in duplicates onto a 96-well plate (Sigma), and 5 l of unknown protein samples and standards were incubated with 200 l of BCA reagent (200 parts of solution A and 1 part of solution B) for 30 min at 37°C. After this, the absorbance of each sample at a wavelength of 490 nm was measured with an ELx800 Microplate reader (Bio-TEK Instrument Inc., VT). Using the standard curve, the concentrations of the unknown samples were then calculated.
Equivalent amounts of total protein from samples were loaded and separated on an 8% SDS-polyacrylamide gel and transferred onto a nitrocellulose membrane (GE Healthcare). Membranes were next blocked by 5% nonfat milk (Santa Cruz) in TBS containing 0.01% Tween 20 (TBST) (Fisher). After this, membranes were incubated with primary antibodies overnight at 4°C before washing extensively with TBST (3-5-min washes) and incubated with the appropriate horseradish peroxidase-labeled secondary antibodies for 1 h at room temperature. Afterward, membranes were incubated with enhanced chemiluminescence substrate for horseradish peroxidase (Thermo Scientific). The chemiluminescence was then detected by X-ray film exposure in a dark room and developed with a SRX-101A medical film processor (Konica Minolta). The expression levels of proteins were then quantified with ImageJ software (National Institutes of Health).
Statistical Analysis-All statistical analyses were performed with the GraphPad Prism 5 software. For statistical comparison of single parameters between 2 groups, an independent t test was used. Statistical significance was defined as p Ͻ 0.05. 
